Using density functional theory the ground state structural, electronic, and magnetic properties of low average density light-alkali chains are investigated.
On the other hand, the formation of suspended monoatomic wires [6] by using STM has also provided an opportunity to understand quantum size effects in nanowires [7] . Despite confirmation of such exotic structural and electronic properties, the existence of magnetic order in quasi-one-dimensional systems is somewhat controversial. By considering the simplest model of a linear chain of three-dimensional atoms and making the approximation that only one orbital-state per atom contributes to the conduction, Paul [8] predicted that its ground state should be non-ferromagnetic. This result was confirmed and generalized in the Lieb-Mattis theorem [9] , which rules out the possibility of magnetic order ferromagnetism as the ground state of a single-band 1D system in the absence of spin-or momentum-dependent forces. However, this theorem is not applicable when two or more transverse subbands are occupied. Recent experiments [10] carried out with specially fabricated quantum wires have raised the possibility of a spin-polarized ground state at zero magnetic field. Numerical calculations based on the jellium model of single band 1D quantum wires are in disagreement.
Recent quantum Monte Carlo calculations [11] do not observe a magnetic instability, even at low electronic densities. A Hartree Fock calculation [12] , however, shows that exchange interactions overcome kinetic and correlation effects at low electronic densities, stabilizing a spin-polarized ground state. On the other hand, there is theoretical evidence [13] indicating that disorder enhances the contribution to the exchange and favors the spin-polarization, although the effect of impurities is not fully understood in these systems.
Previous experimental work by Whitman et al. [14] reported the structural and electronic properties of cesium adsorbed on semiconductor surfaces. With increasing cesium coverage, a transition from a two-dimensional overlayer to one-dimensional (1D) chains was observed.
At low coverage, cesium atoms adsorbed on the substrate form long 1D zigzag chains that remain stable despite the fact that the interatomic distance is increased. In this Letter we present a first-principles analysis of electronic, magnetic, and structural properties of light alkali chains using density functional theory (DFT) within the local spin-density approximation [15] (LSDA) and with an assessment of gradient corrections [16] (see below). Our results indicate that light-alkali metallic chains adopt a polymeric structure at equilibrium and, when more than one subband is occupied, present a magnetic instability for a wide range of chain-lengths. According to Lieb-Mattis theorem by increasing the chain-length a magnetic transition to the paramagnetic state is predicted when only the lowest subband remains filled. Although the results in this paper mainly concern sodium our calculations also indicate that similar conclusions can be derived for lithium chains.
To examine the sodium chains over a wide range of interatomic distances, we use a plane wave implementation of DFT, the Vienna Ab initio simulation package (VASP) [17] , and a Vanderbilt ultrasoft pseudopotential [18] treating only the 3s electron as valence. We use a supercell containing four atoms aligned along only one direction defining the chain and include 20Å of vacuum in the orthogonal directions to minimize any Coulomb and exchange interaction between neighboring chains. For several different values of the chainlength per atom, x, we optimize both the interatomic distance, d, and the bond-angle, α; the resulting binding energies appear in Fig. 1 . As can be seen, the energy has a pronounced minimum around x = 1.7Å and we find that the one-dimensional chains are unstable to a lateral buckling into a planar polymeric (zigzag) configuration, in which d = 3.47Å and
o . Out-of-plane deformations do not result in lower energies. Although the chain satisfies the necessary condition for insulating behavior with two atoms per unit cell, band overlap prevents the system from being insulating. The electronic structure of the zigzag chain exhibits two partially occupied subbands, one predominately s-like and one p-like;
the linear chain has only one s-like band occupied. The polymeric structure can therefore be explained in terms of the Jahn-Teller distortion, lowering the symmetry of the linear chain but lifting the two-fold degeneracy of the second subband, corresponding to the two transverse p-like bands of the linear chain, and allows to fill partially the lowest splited band in order to stabilize the zigzag structure. At the minimum binding energy, the zigzag chains form almost equilateral triangles in which each atom has four nearest-neighbors. The nearest-neighbor distance in the chain is longer than the bond length of molecular sodium (2.99Å) but smaller than the interatomic distance of equilibrium BCC solid phase (3.66Å),
indicating that the bond length increases with the coordination number. A similar zigzag geometry was proposed [19] to explain expanded liquid Rb and Cs. Recently, Au chains have also been found to exhibit an equilibrium zigzag structure [20] .
In addition to the energy minimum at x = 1.7Å, there are two noticeable kinks at x = 1.9 and 2.2Å in Fig. 1 ; at each kink in the value of x, we observe complimentary discontinuous changes in both d and α as will be shown below (Fig. 4) . These two additional metastable equilibrium states also exhibit very different electronic and magnetic properties. As x increases, the second subband becomes progressively less occupied, and this has significant consequences for the emerging magnetic properties. The band structure for x = 2Å is shown in Fig. 2 The valence charge and spin polarization for sodium chain with x = 2.0Å appear in Fig. 3 . Notice that the charge is mainly confined to the region between the ions, and is almost uniform along the longitudinal direction of the chain. There does not appear to be any directional bonding between the ions: covalent bonding will therefore not explain the stability of the zigzag structure over the linear chain. The minima on either side of the charge density correspond to the location of the ions, where the valence charge density shows a minimum within the pseudopotential approximation. The valence charge-density results from the sum of four conduction channels, i.e., two subbands for each spin. However, because of the p-symmetry of the second subband, the spin density shows two maxima on both sides with a minimum in the center. The spin polarization in this valley has opposite sign as compared to the net magnetic moment. The magnetic polarization of the chain is therefore highly anisotropic, and as previously indicated, the chain is ferromagnetic along x, but it has an antiferromagnetic character along the transverse direction of the chain.
The energy gap between the first two bands with opposite spin at the Γ point increases with the chain length, and when x rises to 2.2Å the second band closes and the 3s band becomes completely occupied, corresponding to the final kink observed in the energy. With the closing of the second band the ferromagnetic order is eliminated. We may also note that for the paramagnetic state the energy (having only one occupied subband) is well fit to a polynomial function of x (as in Fig. 1) , and the minimum energy obtained from this fit, corresponding to the cohesive energy of the chain with only the first subband occupied, is higher than the value calculated for the actual chain. Thus filling the second band increases the total energy and the stability of the zigzag chain. The tension-force F = −dE/dx, defined as the force opposing an increase in chain length, is shown in Fig. 4 along with the net magnetic moment per atom and the optimal geometry of the zigzag chains as a function of x. The discontinuities in F , corresponding to the kinks observed for the energy and major atomic rearrangements, reflect the onset of magnetic transitions. The maximum value of the net magnetic moment of the chain (per conduction electron) is ∼ 0.18µ B , and it decreases with increasing x; and for x > 2.2Å, only one subband is occupied and the chain is once again paramagnetic [21] .
According to our results, the origin of the stability of spontaneous magnetization in the zigzag chain is driven by the exchange between electronic states partially filling the second subband, which is in agreement with the exact Lieb-Mattis theorem. Recent calculations [22] have shown that sodium quantum wires, described within the jellium model, undergo spontaneous magnetization for certain radii. In particular, they have predicted that the ground state is fully spin polarized when only the lowest subband is occupied. The effects of band structure and associated orbital hybridization, absent from the jellium model, have an important influence on the stability of the chain. When inhomogeneities associated with the atomic structure is considered, and only the lowest subband remains occupied, we have seen that the ground state of the chain is paramagnetic. At larger chain lengths (i.e., x > 2.2 A ) the first subband is completely filled and the Fermi wave vector makes contact with the edge of the Brillouin zone, yet we do not observe a Peierls transition. Instead, we find an intermediate state where the chain remains metallic and paramagnetic until x = 3.5Å above which dimerization drives the metal-insulator transition.
In summary, we observe that one-dimensional sodium chains are unstable to polymeric (zigzag) structures as a result of Jahn-Teller deformation. Further, a metastable ferromagnetic ground state is found when tension is applied to the chain the magnetic order arising from the occupation of a p-like subband. As mentioned aboved, similar conclusions can be derived for other light-alkalis like lithium, but this is not the general behavior for heavier elements. Monoatomic gold chains show the same polymeric structures [20] 
